Despite significant progress made over more than 15 years of research, structural biologists are still grappling with the issue of radiation damage suffered by macromolecular crystals which is induced by the resultant radiation chemistry occurring during X-ray diffraction experiments. Further insights into these effects and the possible mitigation strategies for use in both diffraction and SAXS experiments are given in eight papers in this volume. In particular, damage during experimental phasing is addressed, scavengers for SAXS experiments are investigated, microcrystals are imaged, data collection strategies are optimized, specific damage to tyrosine residues is reexamined, and room temperature conformational heterogeneity as a function of dose is explored. The brief summary below puts these papers into perspective relative to other ongoing radiation damage research on macromolecules.
There have been concerted efforts over the last 15 years to understand the manifestations and origins of radiation damage suffered by protein crystals during macromolecular crystallography (MX) experiments, and to establish mitigation strategies using various approaches. These have gradually resulted in a deeper understanding of the physical, chemical and structural factors affecting damage rates, and there is a growing literature which seeks to elucidate the pertinent parameters (see for example the special issues of the Journal of Synchrotron Radiation arising from talks and posters given at the 2nd to 8th International Workshops on Radiation Damage to Biological Crystalline Samples, published in 2002 Samples, published in , 2005 Samples, published in , 2007 Samples, published in , 2009 Samples, published in , 2011 Samples, published in , 2013 Samples, published in and 2015 . As the range and scope of the investigations have broadened, so has our appreciation of the complexities of radiation damage phenomena, although a full knowledge of all the processes involved has not yet been achieved. However, the need for this has become more pressing, with the advent of X-ray free-electron lasers (XFEL) and new fourth-generation synchrotron sources such as MAX IV in Lund and NSLS II at Brookhaven now coming on-line with even higher flux densities than hitherto utilized. The high rate of damage inflicted by these X-ray beams has brought the issue of radiation damage during structural biology experiments into even sharper focus. Thus an awareness of the effects of radiation damage both on diffraction and small-angle X-ray scattering (SAXS) data, and on the macromolecular structures derived from them, will become increasingly important.
There are eight papers on various aspects of radiation damage in this special issue of the Journal of Synchrotron Radiation. The studies reported here on MX and SAXS experiments were presented at the 9th International Workshop on Radiation Damage to Biological Crystalline Samples held at MAX IV in Lund in March 2016. They include: a reexamination of structural damage to tyrosine residues; two papers on finding the optimum MX data collection strategy for phasing of structures, one using sulfur SAD data in the presence of damage and the other on anomalous phasing with mercury by serial synchrotron data collection; a comparison of helical and standard rotation methods from a radiation damage standpoint; two papers examining damage rates in SAXS experiments and scavengers that can be used to reduce these rates; an analysis of the conformational heterogeneity of side chains as a function of dose in room-temperature and cryo-crystallography, and, finally, an imaging study on the effects of X-ray irradiation on microcrystals.
X-ray irradiation at cryo-temperatures produces both global and specific radiation damage to crystalline biological macromolecules. The former manifests itself in reciprocal space as a gradual fading of Bragg spot intensities, visually apparent with weak high resolution reflections vanishing first (Gonzalez & Nave, 1994) . Other effects that manifest themselves in the processed data with increasing absorbed dose include increasing unit-cell parameters, crystal mosaicity and Wilson B-factors, decreasing I/(I) and a worsening of merging R-factors (Burmeister, 2000; Teng & Moffat, 2000; . Specific damage in crystalline proteins appears as changes in electron density maps that originate mainly from disulfide bond breakage or elongation and decarboxylation of acidic amino acid residues (Weik et al., 2000; Burmeister, 2000; Weik et al., 2002) . Compared with proteins, both DNA and RNA are much more robust in terms of specific structural damage as recently shown in systematic studies on DNA-protein (Bury et al., 2015) and RNA-protein complexes (Bury et al., 2016) . Protein chromophores are particularly radiation-sensitive as illustrated for example by the recently reported X-ray induced deprotonation of the bilin chromophore in a phytochrome (Li et al., 2015) . Specific radiation damage can also be put to good use as shown recently by the collection of a series of 45 consecutive 100 K data sets, where metal-centre reduction by X-ray generated solvated electrons initiated structural changes that allowed elucidation of enzyme catalysis mechanisms in copper nitrite reductase (Horrell et al., 2016) .
One of the first reports on specific damage also described loss of electron density on a tyrosine hydroxyl group in the active site of crystalline myrosinase (Burmeister, 2000) . Subsequently, this loss has been referred to in the literature as OH loss originating from rupture of the C-O bond, despite cleavage of the phenolic C-O bond never having been reported in the field of tyrosine radiation chemistry. A paper in this issue now revisits the initial finding of Tyr -OH group damage in myrosinase. Clear electron density loss of the Tyr -OH group is observed at increasing X-ray doses, consistent with the original report (Burmeister, 2000) . Its origin, however, is now identified as being full Tyr aromatic ring displacement and not OH-group cleavage. Bury et al., using an objective new metric called D loss , further investigated a range of protein crystal damage series deposited in the Protein Data Bank, establishing that Tyr -OH electron density loss is generally not a dominant damage feature at 100 K, consistent with the high energetic barrier for Tyr phenolic C-O bond scission.
Radiation damage is particularly harmful in single-or multiple-wavelength anomalous dispersion phasing (SAD/ MAD) experiments because of the high primary X-ray absorption of anomalous scatterers used for phasing, and because of non-isomorphism generated for instance by changes in unit-cell parameters ( . Specific secondary radiation damage to sulfur atoms further limits successful phasing in sulfur-SAD experiments. In the latter, the expected anomalous signal is particularly weak, so that low-dose high-multiplicity data should be collected (Olieric et al., 2016) . At some point during data collection, however, adding increasingly damage-affected data will cause the deterioration of the quality of the resulting substructure. Storm et al. in this issue (Storm et al., 2017) establish a metric that allows identification of the dose limit above which the gain in data quality from increased multiplicity is balanced by radiation-induced deterioration of that data quality. Specifically, a characteristic change in the width of the distribution of anomalous differences as a function of absorbed dose ({ÁF} D ) is shown to correlate with the correctness of the resulting sulfur substructure, and is thus suggested as a determinant of the dose corresponding to the point of diminishing returns. For cryo-data collection on thaumatin crystals, this dose limit is about 3 MGy (Storm et al., 2017) , i.e. an order of magnitude lower than the general dose limit (30 MGy; Owen et al., 2006) above which biological information extracted from cryo-MX data is very likely to be compromised by radiation damage. {ÁF} D is a purely experimental metric that shows great promise for identifying the optimal subset of data in a SAD phasing experiment. Another report in this issue focuses on optimum data collection strategies for SAD phasing at cryo-temperature (Hasegawa et al., 2017). In particular, Hg-SAD phasing of the luciferin regenerating enzyme has been performed using serial synchrotron rotation crystallography (SS-ROX) during which the crystal-containing loop was translated while being rotated. Considerations are described that allow the determination of the optimum helical rotation step depending on various factors such as the multiplicity and the partiality of reflections. Despite the appearance of specific damage at the Hg site above an absorbed dose of 1 MGy, the authors provide evidence for a rise in the anomalous signal up to a dose of 3 MGy because of increasing signal-to-noise ratio, in line with the limit for S-SAD phasing determined with the {ÁF} D metric by Storm et al. (2017) .
Defining the optimum data collection strategies for MX has long been a topic of research, and efforts to minimize radiation damage by 'spreading the dose' have been pursued by various means such as helical scanning (rotation + translation during each image; Flot et al., 2010) , line scanning (Song et al., 2007) or rotation axis offset (Zeldin, Brockhauser et al., 2013) . In this issue, Polsinelli et al. (2017) compare standard rotation data collection with the helical strategy on long crystals of three different proteins (human transthyretin with and without brominated ligands, human matrix metalloproteinase and selenomethionine-substituted maltose operon periplasmic protein) using a microbeam [FWHM 10 mm (H) Â 5 mm (V)]. Different translations were tested. They conclude that the helical scanning indeed gave an improvement, with one crystal giving better resolution and another giving a more sustained anomalous signal allowing easier phasing. They also suggest that, for bromophenyl moieties bound in proteins, loss of bromine with dose can be a useful metric to monitor damage progression. radiation damage 2 Garman and Weik X-ray radiation damage to biological macromolecules Another mitigation strategy that has been extensively tested is the addition of radical scavengers to crystal buffer solutions prior to cryo-cooling or room-temperature (RT) data collection [for a summary of all MX scavenger studies up to 2011 see the supporting information of Allan et al. (2013) ]. In the literature to date, there are conflicting results on the efficacy of the same compounds, and no consensus has yet emerged as to their effectiveness. Tests of uridine, a previously untried scavenger, for synchrotron-based structural biology techniques (MX and SAXS) are reported in this issue (Crosas et al., 2017) . At 1 M concentration, uridine was found to be effective in increasing the dose-to-half-intensity, D 1/2 , by a factor of 1.7 for RT MX data collection on chicken egg-white lysozyme crystals, but was found to be ineffective at cryotemperatures (100 K).
Radiation damage can be an impediment in biological SAXS experiments, since, with dose, solution samples tend to aggregate or possibly fragment, thus impacting the scattering and contributing to the envelope extracted from the data. One strategy used to reduce these deleterious effects of radiation damage is to limit the X-ray exposure to any given volume of sample. This can be achieved by attenuation or defocusing of the X-ray beam, oscillating or flowing the sample within its container, and/or reducing the exposure time (Fischetti et al., 2003; Jeffries et al., 2015; Martel et al., 2012; Pernot et al., 2013) . For SAXS, cryo-cooling samples down to 100 K has been reported to increase the dose tolerance of samples by at least two orders of magnitude (Meisburger et al., 2013) ; however, this method is not commonly used due to technical complications and the reduction in signal due to cryoprotectant in the solution. Another method to increase the dose tolerance of the sample is to add compounds such as ethylene glycol, glycerol, sodium ascorbate or sucrose to the SAXS sample (Kuwamoto et al., 2004; Grishaev, 2012) . As well as testing uridine as a scavenger for MX, Crosas et al. (2017) tested it in SAXS experiments on lysozyme solutions. They found that it prevented radiation induced aggregation and, at 40 mM concentration, was as effective as 5% glycerol. The scavenging effect was proportional to the concentration used for tests up to 100 mM and to a dose of 3.8 kGy.
Another paper (Brooks-Bartlett et al., 2017) reports tests on eight radioprotectants (glycerol, ethylene glycol, sodium nitrate, sodium ascorbate, sucrose, trehalose, DTT and TEMPO), and found that glycerol was the most effective at 5 and 10 mM, but DTT was the most protective at 1 and 2 mM. Associated with this work, tools to automate quantitative exploration of radiation damage in SAXS experiments have been developed. These allow convenient visualization and analysis of results from the CorMap method of frame comparison (Franke et al., 2015) .
Room-temperature crystallography is notoriously difficult to carry out because of an increase in radiation sensitivity by two orders of magnitude compared with cryo-temperatures (Nave & Garman, 2005; Warkentin & Thorne, 2010) , manifested as global radiation damage. Consequently, only a handful of studies have addressed specific radiation damage at RT so far since several data sets are required to follow damage as a function of the absorbed X-ray dose. In a seminal paper, Blake and Phillips observed that the structure factors of some reflections from myoglobin crystals increased, while others decreased, leading them to suggest that specific structural damage to certain amino acids must be occurring (Blake & Philips, 1962) , a hypothesis confirmed later for RT crystals (Helliwell, 1988) . The occurrence of specific damage at RT remains controversial, however, with some reports showing evidence for disulfide damage (Southworth-Davies et al., 2007; Coquelle et al., 2015) , while others do not (Roedig et al., 2016) , including Crosas et al. in this issue (Crosas et al., 2017) . Despite increased radiation sensitivity, RT data collection is desirable because the modification of conformational heterogeneity within the crystalline protein that may occur during cryocooling is avoided, potentially providing physiologically more meaningful structures (Fraser et al., 2011) . Careful control experiments must be conducted to deconvolute radiationinduced from temperature-induced changes (Keedy et al., 2015) . In this issue, Russi et al. addressed the question as to whether or not the conformational variation of proteins at RT is dominated by radiation damage (Russi et al., 2017) . They monitored the number of alternate side-chain conformations as a function of the absorbed dose in three different crystalline proteins at room-and cryo-temperatures. At both temperatures, the conformational heterogeneity did not depend on the absorbed dose, leading the authors to conclude that increased conformational heterogeneity at room-versus cryo-temperatures is observed, despite the presence, and not as a result, of radiation damage. Russi and co-workers also found evidence for specific radiation damage to disulfide bonds at RT, yet to a lesser extent than at 100 K. The description and understanding of global and specific radiation damage at RT will greatly benefit from the recent development of serial synchrotron crystallography , where the dose is spread over a large number of crystals that are presented to the X-ray beam within a capillary , by microfluidic means (Heymann et al., 2014) , on solid supports or by viscous jets (Nogly et al., 2015; Botha et al., 2015) .
Serial synchrotron crystallography data collection techniques generally employ microcrystals. Their usefulness has increased markedly since the advent of beamlines at synchrotrons which can deliver microbeams (< 10 mm) that are intense enough to allow measurable diffraction from very small crystal volumes. This raises the question of whether radiation damage rates and effects are the same for microcrystals as they are for bigger crystals. Over ten years ago Nave & Hill (2005) pointed out that the photoelectrons produced when X-rays are absorbed by microcrystals would be able to escape the surface and thus would not lose all their energy in the sample. Hence the absorbed dose would be reduced and, since damage is proportional to dose at cryotemperatures, it might be expected that damage rates would be lower for smaller crystals. However, until now this effect had not yet been experimentally validated. Incidentally, the program RADDOSE-3D (Zeldin, Gerstel et al., 2013) used to estimate doses in MX does not yet take into account possible photoelectron escape. RADDOSE-3D assumes instead that the total energy carried by the photoelectrons is absorbed within the sample, thus overestimating the dose in such small samples. This deficiency could usefully be rectified in the near future. A paper in this issue (Coughlan et al., 2017) describes reciprocal-space mapping and Bragg coherent diffractive imaging experiments on six cryo-cooled microcrystals (<2 mm, characterized using transmission electron microscopy) of chicken egg-white lysozyme using micrometre-sized beams. Single reflections between 13 and 17 Å resolution were monitored as a function of dose, and the more traditional metrics of intensity-loss, rocking curve width and lattice expansion (in terms of relative d-spacing) plotted. Additionally, two metrics only obtainable from the coherent measurements were investigated: the volumes of the reciprocal-space map and real-space images as they varied with increasing dose, obtained from performing 3D Fourier transforms on the phased data to give 3D images of the crystals. The results show that the diffracting volume shrinks with increasing radiation damage and also suggest that surface areas of the crystals are damaged more quickly than the inner parts, although confirmation of this will be required by further characterization. In addition, the data lead the authors to suggest that they have evidence for smaller crystals having a longer lifetime than would be predicted for macroscopic ones, as predicted by Nave & Hill (2005) .
Serial crystallography at XFELs, so-called serial femtosecond crystallography [SFX Boutet et al., 2012) ], allows collection of crystallographic data before specific chemical and structural damage has had the time to develop within the crystalline macromolecule, so-called 'diffraction-before-destruction' (Neutze et al., 2000) . In most cases, the resulting structures are indeed devoid of specific damage (Hirata et al., 2014; Chreifi et al., 2016) . At the very high doses absorbed when deliberately using unattenuated long (> 50 fs) XFEL pulses, however, global Barty et al., 2012) and specific Nass et al., 2015; Galli et al., 2015) radiation damage can occur. Further insight into the progression of specific damage on the ultrafast time scale is expected to emerge from SFX experiments in the near future.
